A neurodegenerative tauopathy endemic to the Caribbean island of Guadeloupe has been associated with the consumption of anonaceous plants that contain acetogenins, potent lipophilic inhibitors of complex I of the mitochondrial respiratory chain. To test the hypothesis that annonacin, a prototypical acetogenin, contributes to the etiology of the disease, we investigated whether annonacin affects the cellular distribution of the protein tau. In primary cultures of rat striatal neurons treated for 48 h with annonacin, there was a concentration-dependent decrease in ATP levels, a redistribution of tau from the axons to the cell body, and cell death. Annonacin induced the retrograde transport of mitochondria, some of which had tau attached to their outer membrane. Taxol, a drug that displaces tau from microtubules, prevented the somatic redistribution of both mitochondria and tau but not cell death. Antioxidants, which scavenged the reactive oxygen species produced by complex I inhibition, did not affect either the redistribution of tau or cell death. Both were prevented, however, by forced expression of the NDI1 nicotinamide adenine dinucleotide (NADH)-quinone-oxidoreductase of Saccharomyces cerevisiae, which can restore NADH oxidation in complex I-deficient mammalian cells and stimulation of energy production via anaerobic glycolysis. Consistently, other ATP-depleting neurotoxins (1-methyl-4-phenylpyridinium, 3-nitropropionic, and carbonyl cyanide m-chlorophenylhydrazone) reproduced the somatic redistribution of tau, whereas toxins that did not decrease ATP levels did not cause the redistribution of tau. Therefore, the annonacin-induced ATP depletion causes the retrograde transport of mitochondria to the cell soma and induces changes in the intracellular distribution of tau in a way that shares characteristics with some neurodegenerative diseases.
Introduction
Annonacin, a lipophilic inhibitor of complex I of the mitochondrial respiratory chain [nicotinamide adenine dinucleotide (NADH)-quinone-oxidoreductase], has been implicated in the etiology of a levodopa-unresponsive form of atypical parkinsonism endemic to the Caribbean island of Guadeloupe (CaparrosLefebvre and Elbaz, 1999) . Approximately half of the affected patients have clinical manifestations that are strikingly similar to those found in progressive supranuclear palsy (PSP) (CaparrosLefebvre et al., 2002; Lannuzel et al., 2007) . Three of the PSP-like patients that came to autopsy also had neuropathological features resembling those of PSP, characterized in particular by an abnormal accumulation of the axonal microtubule-associated protein (MAP) tau in the cell bodies of neurons (Caparros-Lefebvre et al., 2002) . Clinical and epidemiological studies (Caparros-Lefebvre and Elbaz, 1999; Angibaud et al., 2004; Lannuzel et al., 2007) have found a significant association between atypical parkinsonism, in Guadeloupe and in New Caledonia, and the regular consumption of tropical anonaceous plant products, suggesting that they contain substances that trigger the disease. Anonaceous acetogenins, a large and unique family of lipophilic complex I inhibitors that are produced exclusively by annonaceous plants, appear to be prime candidates (Degli Esposti, 1998; Höglinger et al., 2005b) .
In support of this hypothesis, we demonstrated previously that annonacin, the major acetogenin in Annona muricata, is ϳ1000 times more toxic to cultured mesencephalic neurons than 1-methyl-4-phenylpyridinium (MPP ϩ ) (Lannuzel et al., 2003) , another complex I inhibitor known to induce neurodegeneration and parkinsonism in humans (Langston et al., 1983 ) and exper-imental animals (Przedborski and Vila, 2003) . After chronic systemic infusion in rats, annonacin penetrated into the brain parenchyma reduced brain ATP levels and caused neuronal cell loss and gliosis in the brainstem and basal ganglia with a PSP-like pattern of distribution (Champy et al., 2004) . The quantities of annonacin in the fruit and traditionally prepared infusions of leaves of Annona muricata are such that a cumulative dose sufficient to cause neurodegeneration in rats can be attained in humans by regular consumption within 1 year (Champy et al., 2005 ). It appears plausible, therefore, that annonacin might be implicated in the etiology of atypical Guadeloupean parkinsonism (Höglinger et al., 2005b) .
To obtain additional evidence in support of this hypothesis, we investigated whether annonacin can induce changes in the intracellular distribution of tau, as observed in the brains of patients (Caparros-Lefebvre et al., 2002) . These studies were performed in primary cultures of striatal neurons, because the striatum was the major site of lesions in annonacin-treated rats (Champy et al., 2004) and in autopsied patients from Guadeloupe (Caparros-Lefebvre et al., 2002) .
Materials and Methods
Cell cultures of striatal neurons. Animals were treated in accordance with the Guide for the Care and Use of Laboratory Animals (National Research Council 1996) and the European Communities Council Directive 86/ 609/EEC. The embryos were removed at embryonic day 16.5 (E16.5) from pregnant Wistar rats (Janvier Breeding Centre, Le Genest St. Isle, France) after decapitation under deep anesthesia. The striatum was dissected as described previously (Hartikka and Hefti, 1988) . Cell suspensions prepared by mechanical trituration without proteolytic enzymes were plated in culture wells precoated overnight with 1 mg/ml polyethyleneimine (Sigma, St. Quentin Fallavier, France). The cells were maintained at 37°C in a humidified incubator in an atmosphere of 5% CO 2 in 500 l of N5 medium supplemented with 2.5% fetal calf serum and 5% horse serum to favor cell attachment. After 24 h in vitro, 2 M 1-␤-D-arabinofuranosylcytosine was added to eliminate proliferating non-neuronal cells, particularly astrocytes. Secondary excitotoxic stress resulting from the elimination of astrocytes was prevented by 2 M of the NMDA receptor antagonist d] cyclohepten-5,10-imine maleate dizocilpine maleate] (Sigma). To limit possible interference by serum components, the concentration of fetal calf serum was reduced to 0.5% after 3 d in vitro, and, on the day of intoxication, the concentration of horse serum was reduced to 1% and fetal calf serum to 0.1%.
Chemicals. Annonacin was purified as described previously (Champy et al., 2005) , dissolved in dimethylsulfoxide (DMSO) at a concentration of 1 mM, and stored at Ϫ20°C. Serial dilutions used for treatments were made in N5 medium. Annonacin was added to the culture medium at day 5-6 in vitro. The final concentration of DMSO in the medium never exceeded 0.01%. All other chemicals used to treat the cultures [N-acetylcysteine (NAC), trolox, 3-nitropropionic (3-NP) acid, MPP ϩ , iodide, carbonyl cyanide m-chlorophenylhydrazone (CCCP), taxol (paclitaxel), kainic acid, and 6-hydroxydopamine] were obtained from Sigma.
NDI1 transfection. Cultured striatal neurons were transfected with a recombinant adeno-associated virus vector carrying the yeast NDI1 gene (rAAV-NDI1) that is able to replace the NADH-quinone-oxidoreductase function of complex I in mammalian cells, rendering them resistant to classical complex I inhibitors (Seo et al., 2002) . On day 2 in vitro, 1.5 ϫ 10 8 rAAV-NDI1 virions were added to 0.2 ϫ 10 6 cultured neurons in 200 l of medium. After 24 h incubation, 100 l of the culture medium was added, and the cells were incubated 2 more days with the virions. Thereafter, the entire medium was replaced by medium without virions. Control cultures were treated in the same way but without addition of virions. Annonacin was added to the culture medium at day 5-6 in vitro.
Cell viability. Neuronal survival was quantified by staining the living cells with calcein-acetomethylester (excitation at 495 nm, emission at 515 nm) that becomes fluorescent after cleavage of the ester by nonspecific esterases. Dead cells were monitored with ethidium homodimer (excitation at 495 nm, emission at 635 nm) that penetrates permeable cell membranes and intercalates into nucleic acids (Invitrogen, Carlsbad, CA).
Immunocytochemistry. Cultures were immunostained as described previously with the following primary antibodies: mouse monoclonal anti-phosphorylated tau AD2 (1:1000; Bio-Rad, Hercules, CA); AT8 (1:200), AT100 (1:250), AT180 (1:1000), and AT270 (1:300) (Innogenetics, Gent, The Netherlands); rabbit affinity purified anti-␣-synuclein (1:500; Chemicon, Temecula, CA); rabbit anti-␤-amyloid (H-43, 1:100; Santa Cruz Biotechnology, Santa Cruz, CA); rabbit anti-MAP2 (1:500) and rabbit anti ␤-III-tubulin (1:300; Sigma); and rabbit anti-NDI1 (1:1000; Takao Yagi, The Scripps Research Institute, La Jolla, CA). The antibodies were visualized with diaminobenzidine using the peroxidase-streptavidin/biotin method (Vectastain; Vector Laboratories, Burlingame, CA) or with affinity-purified fluorescent secondary antibodies (Jackson ImmunoResearch, West Grove, PA; Invitrogen, Carlsbad, CA). Nuclei were visualized with the fluorescent DNA stain Hoechst 33342. Immunolabeled cells were visualized under an epifluorescence microscope (DM IRB; Leica, Wetzlar, Germany) equipped with an ORCA-ER digital camera (C4742-95; Hamamatsu, Hersching, Germany) and a computer-based image analysis system (Simple-PCI 6.1; Cimaging Systems, Hersching, Germany). All cells in five randomly distributed visual fields were analyzed and quantified with a 40ϫ objective.
Western blot. Total cell extracts were prepared by 30 min lysis in 20 mM HEPES, pH 8.0, 150 mM KCl, 1.5 mM MgCl 2 , 0.5% Triton X-100, 0.1% SDS, and 2% Complete Mini Protease Inhibitor Cocktail (Roche, Basel, Switzerland). To prepare extracts in which tau dephosphorylation was inhibited or stimulated, the lysis buffer contained the Halt Phosphatase Inhibitor Complex (Pierce, Rockford, IL) or shrimp alkaline phosphatase (10 IU, 2 h, 37°C; Roche), respectively. After centrifugation at 31,000 ϫ g for 30 min at 4°C, the supernatants were recovered, and the proteins were separated by SDS-PAGE on 7% acrylamide gels, blotted onto nitrocellulose membranes, and incubated with the primary antibodies [Tau5, 1:1000; AD2, 1:3000; AT8, 1:500; AT100, 1:250; AT270, 1:1000; polyclonal anti-actin, 1:2000 (Sigma)]. Immunoreactivity was revealed with the Normal or Super Signal Chemiluminescence Detection kit (Pierce).
Quantitative PCR. Total RNA was extracted from primary cultures of striatal neurons of E16.5 rats using the RNeasy mini kit (Qiagen, Courtaboeuf, France), according to the instructions of the manufacturer. Two wells, 16 mm in diameter, were pooled for each sample. The experiments were performed in triplicate. First-strand cDNA was synthesized from 200 ng of total RNA using the ThermoScrip Reverse Transcription-PCR System (Invitrogen, Cergy Pontoise, France) with random hexamer primers, as recommended. The corresponding cDNAs were amplified by quantitative PCR, as prescribed, using the SyberGreen PCR Universal Master Mix (Applied Biosystems, Courteboeuf, France). Equal concentrations (400 nM) of the primers were used to amplify the internal control [neuron specific enolase (NSE) and tau]. The tau primers (forward, TG-GCTCCACTGAGAACCTGAA; reverse, CCGGGACGTGTTTGATAT-TGT) were designed using Primer Express 1.5 software (Applied Biosystems). They amplified a 200 bp sequence that included the splice junction between exons 10 and 11 to avoid amplifying possible contaminating genomic DNA and were validated before use. Validated NSE primers (forward, GTGCGATGGTGCTGTTGATG; reverse, CAGCGTTACT-TAGGCAAAGGTGT) were obtained commercially (Invitrogen, Cergy Pontoise, France). Each sample was run in duplicate on a ABI PRISM 7700 Detection system (Applied Biosystems). The increase in tau mRNA expression relative to the internal control in annonacin-treated cells was calculated with respect to tau mRNA in untreated cells using the formula r ϭ 2 Ϫ⌬⌬Ct with ⌬⌬Ct (cycle threshold) ϭ (Ct MAPT2 Ϫ Ct NSE ) annonacin nM Ϫ (Ct MAPT2 Ϫ Ct NSE ) annonacin 0 nM (Livak and Schmittgen, 2001) .
Electron microscopy. For standard electron microscopy, the cells were fixed with 2.5% glutaraldehyde in PBS (120 min, room temperature). For immunoelectron microscopy, the cells were fixed with 2% paraformaldehyde and 0.1% glutaraldehyde, incubated successively with the AD2 antibody (1:1000, 24 h, 4°C), with 0.5% bovine serum albumin supple-mented with fish gelatin (0.1%, 1 h, room temperature; Aurion, Wageningen, The Netherlands), with anti-mouse IgG conjugated to 0.8 nm gold particles (24 h, room temperature; Aurion), and washed in 2% sodium acetate. Gold particles were silver enhanced (35 min, room temperature; Aurion). Cells were then immersed in gold chloride (0.05%, 10 min, 4°C) and in sodium thiosulfate (0.3%, twice for 10 min, 4°C). All samples were postfixed in osmium tetroxide (1%, 20 min, 4°C), dehydrated, and embedded in Epon. Ultrathin sections were cut, contrasted with uranyl acetate and lead citrate, and observed with a Jeol (Peabody, MA) 1200 EX electron microscope at 80 kV.
Thioflavin S staining. To visualize the presence of amyloid-like structures, fixed cultures were incubated for 8 min in 0.05% thioflavin S (Sigma), washed in PBS, and differentiated in 70% ethanol for 5 min, as described previously (Höglinger et al., 2005a) .
Quantification of reactive oxygen species. Intracellular reactive oxygen species (ROS) were quantified with the Simple-PCI image analysis system using the fluorescent probe dihydrorhodamine-123 (DHR-123; Invitrogen, Carlsbad, CA), as described previously .
Quantification of ATP levels. Control and annonacin-treated cultures were lysed with H 2 O. ATP levels were quantified on the total extract with a tube luminometer using the Vialight HS kit (BioWhittaker, Verviers, Belgium), which uses luciferase to catalyze the formation of light from ATP and luciferin, as described previously . The results obtained in arbitrary units were normalized with respect to the protein content of the extracts and are represented as the percentage of values obtained in control cultures.
Time-lapse imaging. Cells were plated at low density (9 ϫ 10 5 cells/16 mm diameter well) to allow the observation of individual cells and their neurites. On day 5, mitochondria in live cells were labeled by addition of 200 nM MitoTracker Green-FM (excitation at 490 nm, emission at 516 nm; Invitrogen, Carlsbad, CA) for 30 min at 37°C. After medium exchange, the cells were exposed to the experimental treatments and imaged at 10 min intervals in a temperature-and CO 2 -controlled chamber on a Leica (Nussloch, Germany) DMI 6000 Fluorescence Microscope equipped with Leica LAS software package.
Data acquisition and analysis. All data result from the analysis of at least two wells per experimental condition in at least three independent experiments. Data are expressed as the mean Ϯ SEM of at least three different experiments. p values for comparison of normal parametric variables were calculated by two-sided t test and one-or two-way ANOVA followed by a post hoc Dunnett's or Bonferroni's t test, as appropriate.
Results

Annonacin causes neuronal cell death and somatic accumulation of tau
Treatment of cultured striatal neurons with annonacin for 48 h induced concentration-dependent neuronal cell loss, starting at a concentration of 50 nM ( Fig. 1 A, B) . In control cultures, the antibody AD2, raised against the human tau protein phosphorylated on serine residues 396 and 404, labeled neurites but not neuronal cell bodies (Fig. 1 A) . After a 48 h treatment with annonacin at concentrations higher than 25 nM, a significant proportion of neurons had intense and diffuse AD2 immunoreactivity in the cell body ( Fig. 1 A, B) . Identical results were obtained with other antibodies raised against human tau phosphorylated on other serine or threonine residues (AT8, serine 202/threonine 205; AT100, threonine 212/serine 214; AT270, threonine 181) (Fig. 1C) .
In contrast to tau, ␣-synuclein and ␤-amyloid did not accumulate in the cell bodies of annonacin-treated striatal neurons under our experimental conditions, although the antibodies used recognized the proteins on Western blots of rat brain extracts and identified Lewy bodies and amyloid plaques in the brains of patients with Parkinson's and Alzheimer's disease, respectively, used as positive controls (data not shown).
Annonacin increases tau protein levels
On Western blots of lysates of striatal neurons, the AD2 antibody labeled a single band at ϳ55 kDa, compatible with the fetal isoform of tau. Treatment of the neurons for 48 h with 75 nM annonacin increased the intensity of the AD2 signal ( Fig. 2 A) , indicating that tau expression increased during treatment. Interestingly, neither inhibition of phosphatases to preserve the phosphorylation state of tau nor incubation with alkaline phosphatase to dephosphorylate tau affected the mobility and intensity of the labeled band in the acrylamide gel (Fig. 2 A) . Identical results were obtained with the AT8 and AT270 antibodies (data not shown). Interestingly, Western blot analysis using the Tau5 antibody that recognizes tau independently of its phosphorylation state showed an identical increase in the signal intensity as the AD2 antibody (Fig. 2 B) . The increase in signal intensity seen with both the Tau5 and AD2 antibodies was concentration dependent and was only observed at annonacin concentrations higher than 50 nM (Fig. 2 B) . We could not, therefore, determine Annonacin causes a concentration-dependent cell death and redistribution of tau from the neurites to the cell body of neurons from embryonic rat striatum in culture. A, Representative photomicrographs of cultured neurons treated for 48 h with increasing concentrations of annonacin (Anno) and labeled with the antibody AD2 raised against pS396/pS404-tau (red). Nuclei are stained with 4Ј,6Ј-diamidino-2-phenylindole (DAPI; blue). Arrows show neurons with intact nuclear morphology and perinuclear AD2 immunoreactivity. B, Quantification of neuronal survival (percentage of untreated control cultures) and of neurons with AD2 immunoreactivity in the cell body (percentage of all neurons per culture well) after 48 h of annonacin treatment. ***p Ͻ 0.001 versus control. C, The redistribution of tau (arrows) in cultured neurons treated with 50 nM annonacin for 48 h is also detected by other antibodies against phosphorylated epitopes of tau: anti-AT8 raised against pS202/pT205-tau, anti-AT100 raised against pT212/pS214-tau, and anti-AT270 raised against pT181-tau (red). Nuclei are stained with DAPI (blue). Scale bars: A, C, 20 m.
under our experimental conditions whether the relocation of tau in annonacin-treated embryonic neurons is regulated or not by phosphorylation.
Annonacin does not increase tau mRNA levels
To determine whether tau expression was affected at the transcriptional level, tau mRNA levels were measured by quantitative PCR in striatal cultures treated with increasing concentrations of annonacin. Tau mRNA levels were calculated relative to NSE mRNA as internal control. The ratios were as follows: 0 nM annonacin, 1.003 Ϯ 0.051; 25 nM, 1.118 Ϯ 0.087; 50 nM, 1.134 Ϯ 0.0126; and 75 nM, 0.549 Ϯ 0.0550. Only the decrease in relative tau expression with 75 M annonacin was statistically significant ( p Ͻ 0.01, one-way ANOVA followed by Bonferroni's t test for multiple comparisons). The apparent increase in tau protein level observed by Western blot at the same annonacin concentration was therefore regulated at a posttranscriptional level.
Annonacin did not induce the aggregation of tau
In human tauopathies, tau is either distributed diffusely in the cytoplasm or is aggregated in fibrillary amyloid-like structures, which can be identified by electron microscopy or with thioflavin S, a marker of amyloid-like proteins with ␤-sheet structures (Bancher et al., 1989; Braak et al., 1994; Komori, 1999) .
In striatal neurons treated for 48 h with 50 nM annonacin, electron microscopy confirmed the redistribution of AD2-positive (AD2 ϩ ) tau. Whereas AD2 immunoreactivity was abundant in axons and sparse in the soma of control neurons, AD2 immunoreactivity was rare in axons and abundant in the soma of annonacintreated neurons (Fig. 2C) . Despite abundant somatic AD2 immunoreactivity in annonacin-treated neurons, no AD2 ϩ aggregates were detected. Consistently, the AD2 ϩ cell bodies of neurons in annonacin-treated cultures did not stain with thioflavin S (data not shown).
Annonacin causes somatic accumulation of tau and tau-tagged mitochondria Interestingly, ultrastructural examination showed a significantly greater number of mitochondria in neuronal soma after a 48 h exposure to 50 nM annonacin compared with controls (control, 18.6 Ϯ 1.7; annonacin, 28.5 Ϯ 3.1; p Ͻ 0.01) (Figs. 2,  3A) . A high percentage of these mitochon- Biochemical and ultrastructural evidence that annonacin increases tau protein levels and induces the somatic redistribution of tau. A, Western blot analysis of cultured striatal neurons, grown under control conditions or treated for 48 h with 75 nM annonacin. The AD2 antibody labeled a single band at ϳ55 kDa on 7% acrylamide gels, compatible with the fetal isoform of tau. Annonacin treatment increased the levels of AD2 ϩ tau relative to actin. Protein extracts were prepared in standard lysis buffer (Ϫ), buffer containing phosphatase inhibitors (PI) to prevent tau dephosphorylation, or incubated with alkaline phosphatase (AP) to dephosphorylate tau. Under our experimental conditions, changes in the phosphorylation of tau could not be detected with the AD2 antibody. B, Western blot analysis of cultured striatal neurons, grown under control conditions or treated for 48 h with 50 or 100 nM annonacin. Protein extracts were prepared in lysis buffer containing phosphatase inhibitors. Both the Tau5 antibody, recognizing tau protein independently of its phosphorylation state, and the AD2 antibody labeled a single band at ϳ55 kDa, which was increased compared with control conditions after treatment with 100 nM but not 50 nM annonacin. C, In a neuron under control conditions, immunogold labeling of tau by the AD2 antibody observed by electron microscopy shows abundant AD2 immunoreactivity (electron-dense black spots) in the axon (Ax) but not in the perinuclear cytoplasm (Cyt) or nucleus (Nuc; arrowhead, nucleolus). In a neuron treated with 50 nM annonacin for 48 h, AD2 immunoreactivity was sparse in the distal axon but very abundant in the perinuclear cytoplasm. As in controls, no AD2 immunoreactivity was observed in the nucleus (only in cytoplasmic invaginations into the nucleus). Immunolabeled fibrillary aggregates were not observed. Scale bar, 2 m. dria appeared to have AD2 ϩ tau attached to their outer membranes (Fig. 3A) . Annonacin did not affect the percentage of mitochondria tagged with tau (control, 27.1 Ϯ 2.8%; annonacin, 26.6 Ϯ 1.9%) (Fig. 3A) . This may indicate that at least part of the tau found in cell bodies after annonacin treatment might have resulted from the migration of mitochondria from neurites to the cell body.
To explore this possibility, we used time-lapse video microscopy to analyze how annonacin affected the intracellular movement of mitochondria. In neurites of control neurons, mitochondria moved in an apparently random manner without preference for the anterograde or retrograde direction (Fig. 3B) (supplemental movie 1, available at www.jneurosci.org as supplemental material). In striking contrast, after addition of 50 nM annonacin to the culture medium, all mitochondria in neurites started to move in a strictly retrograde manner toward the soma (Fig. 3B ) (supplemental movie 2, available at www.jneurosci.org as supplemental material). Interestingly, the onset of retrograde mitochondrial movements coincided with a significant drop in ATP levels (61.9 Ϯ 7.1% of controls) 10 min after addition of annonacin (Fig. 3C) . As a consequence, there was a rapid depletion of mitochondria of the neurites and an accumulation of mitochondria in the soma (Fig. 3B ) (supplemental movie 2, available at www.jneurosci.org as supplemental material).
Taxol blocks the somatic accumulation of both mitochondria and tau
Because taxol, an alkaloid of Taxus brevifolia, has been described to stabilize microtubules, to displace tau from microtubules (Samsonov et al., 2004) and to block some forms of retrograde transport in neurites (Komiya and Tashiro, 1988; Nennesmo and Reinholt, 1988; Nakata and Yorifuji, 1999) , we examined whether it could prevent the changes in transport induced by annonacin. Treatment of cultured neurons with subtoxic concentrations of taxol (5 nM) fully blocked both the random movement of mitochondria under control conditions and their strictly retrograde movement in annonacin-treated cultures (Fig. 4 A) . In parallel, taxol prevented the annonacin-induced somatic accumulation of tau (Fig. 4 B, C) . However, taxol did not alter the rate of annonacin-induced cell death (Fig. 4 D) .
Together, these data suggest that both mitochondria and tau accumulate in the soma of annonacin-treated neurons by active retrograde transport from the neurites, but inhibition of their transport did not appear to prevent or to aggravate cell death.
Annonacin causes fragmentation of microtubules
Coimmunostaining of cultured neurons with the axonal marker ␤-III-tubulin and the dendritic marker MAP2 demonstrated that, under control conditions, AD2 ϩ tau was located almost exclusively in the axon (Fig. 5A) . In neurons treated for 48 h with 50 nM annonacin, long stretches of the axons were devoid of AD2 ϩ tau, which clustered in distinct patches in the axons (Fig.  5A) . It is noteworthy that this effect preceded the axon retraction characteristic of neuronal death.
Electron microscopy showed that microtubules were aligned in parallel arrays in neurites of control cells, whereas in annonacin-treated cells (50 nM, 48 h), they were no longer aligned (Fig. 5B ) and significantly shorter segments were seen (control, 373.7 Ϯ 25.8 nm; annonacin, 193.5 Ϯ 15.8 nm; p Ͻ 0.001). These data suggest that annonacin impairs the integrity of microtubules, perhaps as a result of the abnormal distribution of tau. ϩ tau visualized by electron microscopy shows an increased number of mitochondria (red stars) in the soma of a representative neuron from a culture treated for 48 h with 50 nM annonacin compared with a neuron from a control culture. Some of the mitochondria have AD2
ϩ tau attached to their outer membranes (blue arrows). Yellow arrows indicate free AD2 ϩ tau. Scale bar, 500 nm. B, Bright-field images of a representative control neuron and a neuron treated with 50 nM annonacin, followed by time-lapse video microscopy to show movements of mitotracker-stained mitochondria (green) in these neurons. In the control neuron, both anterograde and retrograde movements were seen. In contrast, only the retrograde movement of mitochondria from neurites to the soma was seen in the annonacin-treated neuron. Individual mitochondria are indicated in successive images with arrows of the same color. The images shown in this figure were taken at the following time points after addition of annonacin to the culture medium: t 1 , 1 min; t 2 , 10 min; t 3 , 50 min; t 4 , 80 min; t 5 , 140 min. The full movies are shown as supplemental data (available at www.jneurosci.org as supplemental material). Scale bar, 10 m. C, ATP levels per milligram of protein in cultures exposed for 0, 5, 10, or 15 min to 50 nM annonacin, expressed as percentage of untreated control cultures. *p Ͻ 0.05, **p Ͻ 0.01 versus untreated controls.
Complex I inhibition is responsible for the redistribution of tau
Next, we tried to understand the mechanism of how annonacin causes the redistribution of tau. We confirmed previously that annonacin inhibits complex I of the mitochondrial respiratory chain (Lannuzel et al., 2003; Champy et al., 2005) . To test whether inhibition of the NADHquinone-oxidoreductase activity of complex I, rather than another unidentified molecular mechanism, causes the redistribution of tau, we transfected cultured neurons with the NADH-quinone-oxidoreductase (NDI1) of Saccharomyces cerevisiae, which can restore NADH oxidation in complex I-deficient mammalian cells (Seo et al., 2000 (Seo et al., , 2002 .
At the time of intoxication, the percentage of NDI1-transfected neurons clearly expressing the NDI1 protein, as determined by immunostaining, was 52.6 Ϯ 3.8%. As expected, no immunoreactivity for the yeast protein was detected in untransfected control cells (Fig. 6 A) . NDI1-transfected cultures had significantly lower baseline ATP levels (62.9 Ϯ 8.3%) compared with untransfected cultures (Fig. 6 B) , which is consistent with previous work demonstrating that the ratio of produced ATP per molecule oxygen drops from three to two after NDI1 overexpression in mammalian cells (Seo et al., 1999; Bai et al., 2001) . After exposure to annonacin (100 nM, 6 h), however, NDI1-transfected cultures were significantly protected against annonacin-induced ATPdepletion (Fig. 3B) , indicating that the enzyme is not inhibited by annonacin. NDI1-transfected cultures were protected against annonacin-induced neuronal death (100 nM, 48 h) (Fig. 6C,E) and redistribution of tau (100 nM, 48 h) (Fig. 6 D, E) . These observations indicate that annonacin-induced cell death and tau redistribution were indeed caused by inhibition of complex I-mediated NADH oxidation.
Thus, we next examined whether an increase in the production of ROS or a decrease in ATP production, the major secondary effects downstream of complex I inhibition , were responsible for the annonacin-induced redistribution of tau.
ROS are not responsible for the redistribution of tau
The annonacin-induced increase in ROS production was visualized with the fluorescent ROS sensor DHR-123 and quantified on individual neuronal profiles (Fig.  7A) . Pretreatment with the antioxidants NAC or trolox reduced ROS in neurons exposed to annonacin (50 nM, 6 h) to control levels (Fig. 7A) . This did not, however, prevent cell death (Fig. 7B) or the redistribution of tau (Fig. 7C ) induced by annonacin (50 nM, 48 h). These observations indicate that annonacin-induced ROS are not the prime cause of these phenomena.
Stimulating anaerobic glycolysis prevents tau redistribution
Increasing the concentration of glucose in the culture medium from the standard 250 M to 50 mM significantly elevated cellular ATP levels in cultures exposed to annonacin (50 nM, 6 h) (Fig.   8 A) by stimulating anaerobic glycolysis, as we reported previously (Lannuzel et al., 2003) . High-glucose medium completely prevented the cell death and the redistribution of tau induced by annonacin (50 nM, 48 h) (Fig. 8 A) . These observations suggest that ATP depletion might be responsible for the annonacin-induced redistribution of tau, because even partial restoration of ATP levels appears to be protective.
Other ATP-depleting toxins mimic tau redistribution
If ATP depletion was the prime mechanism responsible for the redistribution of tau in annonacin-treated cultures, depletion of ATP by other means should have the same effect.
The complex I inhibitor MPP ϩ , which differs markedly from annonacin with regard to its molecular structure and its complex I binding site (Degli Esposti, 1998) , also depleted cellular ATP (control, 100.0 Ϯ 0.4%; 50 M MPP ϩ for 6 h, 27.4 Ϯ 0.6%) and induced neuronal death and the somatic redistribution of tau after 48 h (Fig. 8 B) , but at concentrations 500 times higher than annonacin.
3-NP is an inhibitor of mitochondrial complex II, which, like complex I provides reducing equivalents to the respiratory chain for oxidative phosphorylation. Inhibition of complex II with 3-NP decreased ATP levels (control, 100.0 Ϯ 7.8%; 1.0 mM 3-NP for 6 h, 13.5 Ϯ 3.4%) and induced neuronal death and the redistribution of tau after 48 h (Fig. 8C ), but at a concentration 6000 times higher than annonacin.
To deplete ATP without acting directly on the electron transport chain, we used the classic uncoupler of oxidative phosphorylation, CCCP. As predicted, CCCP also caused a concentration-dependent depletion of ATP, neuronal death, and the somatic redistribution of tau (Fig. 8D ), but at a concentration 60 times higher than annonacin.
Together, these data suggest that neurotoxins leading to ATP depletion share the potential to induce the redistribution of tau from neurites to the cell bodies of intoxicated neurons.
Not all neurotoxins cause the redistribution of tau
To exclude the possibility that the somatic redistribution of tau is associated unspecifically with neuronal death regardless of the trigger, we exposed cultured neurons to 6-hydroxydopamine and kainic acid. These agents induce neuronal death by excessive ROS production and excitotoxicity, respectively, but not by ATP depletion . Cell death induced by 6-hydroxydopamine and kainic acid was not associated with the somatic redistribution of tau (data not shown). 
green). Under control conditions, AD2
ϩ tau is localized predominantly in axons, and its distribution is homogenous. In contrast, in annonacin-treated cultures, AD2 ϩ tau has accumulated in the neuronal soma (white arrowheads), and the distribution of tau remaining in ␤-III-T ϩ axons is discontinuous (red arrows), leaving long stretches of the axons devoid of tau (green arrows). B, Ultrastructure of microtubules in neurons in control cultures and cultures exposed for 48 h to 50 nM annonacin. Overviews (left) and enlargements of the boxed areas (right) show that microtubules (highlighted by dotted lines) in neurites of a representative control neuron form parallel arrays and are continuous over long distances, whereas in annonacin-treated cultures, they are fragmented and disordered. Scale bar, 50 nm.
Discussion
In this study, we have shown that low nanomolar concentrations of annonacin, the major acetogenin of Annona muricata, cause neuronal cell death and induce the redistribution of tau protein from the axon to the cell body of striatal neurons in vitro. The accumulation of tau in cell bodies is the neuropathological hallmark of a group of neurodegenerative disorders termed tauopathies, exemplified by PSP, frontotemporal dementia with parkinsonism linked to chromosome 17 (FTDP-17), the parkinsonismdementia complex of Guam, and atypical parkinsonism in Guadeloupe (Braak et al., 1994; Delacourte and Buee, 2000; Goedert et al., 2000; Caparros-Lefebvre et al., 2002; Lee et al., 2005) . The results presented here support the hypothesis that exposure to annonacin might be implicated in the etiology of the latter disease.
In tauopathies, somatic tau may be present unaggregated or in an aggregated amyloid-like form (Bancher et al., 1989; Braak et al., 1994; Komori, 1999) . Electron microscopy and thioflavin S staining did not provide evidence in the present study of fibrillary tau aggregates in annonacin-treated neurons. Furthermore, no insoluble tau was detected on Western blots of annonacin-treated neurons. This might be a specific consequence of mitochondrial dysfunction or represent more generally an early stage of tau pathology, as seen in some neurons in patients from Guadeloupe (Caparros-Lefebvre et al., 2002) . Alternatively, the fetal form of tau present in embryonic striatal neurons may not be prone to form fibrils and aggregate and cannot therefore reproduce the fibrillary pathology observed in patients (Caparros-Lefebvre et al., 2002) .
At a concentration of 75 nM, annonacin induced an increase in tau protein levels, which appeared to result from reduced degradation rather than increased expression, because tau mRNA was reduced at the same annonacin concentration. These alterations appeared not to be relevant for the cell death and the intracellular redistribution of tau, however, because the latter phenomena were observed already at lower annonacin concentrations.
Our observation that the redistribution of tau induced by annonacin can be prevented by expression of the NDI1 NADHquinone-oxidoreductase of S. cerevisiae, which can restore NADH oxidation in complex I-deficient mammalian cells (Seo et al., 2000 (Seo et al., , 2002 , demonstrates that this effect is indeed mediated by complex I inhibition and not by another unidentified effect of annonacin. The major cellular consequences of complex I inhibition are increased ROS production and reduced ATP production . Because stabilization of cellular ATP levels by anaerobic glycolysis stimulated by excess of glucose or by NDI1 expression, but not treatment with the antioxidants trolox or NAC, fully prevented annonacin-induced somatic redistribution of tau, this phenomenon appears to be a consequence of cellular energy depletion. This conclusion is supported by the observation that somatic redistribution of tau also occurred after inhibition of complex I with MPP ϩ , inhibition of complex II with 3-NP, and also uncoupling of the mitochondrial proton gradient with CCCP, all of which result in reduced ATP levels. In contrast, the ROS-generating neurotoxin 6-hydroxydopamine or the excitotoxic neurotoxin kainic acid had no effect.
Consistent with these observations, upregulation and phosphorylation of tau have been detected previously in vivo in the substantia nigra of mice treated with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, the precursor of MPP ϩ (Smith et al., 2003; . Furthermore, in rats in which cerebral ATP levels were profoundly reduced after treatment with the complex I inhibitor rotenone, accumulations of tau were seen in neural cells, some of which were stained by thioflavin S and Gallyas silver impregnation and were fibrillary in nature as shown by electron microscopy (Höglinger et al., 2005a) . The concept that ATP depletion can lead to the somatic accumulation of tau is particularly intriguing, because deficits in cerebral energy metabolism have been described in sporadic human tauopathies (Foster et al., 1988; Martinelli et al., 2000; Swerdlow et al., 2000; Albers et al., 2001) .
Our study showed that annonacin caused an immediate retrograde movement of mitochondria from neurites to the soma in which they accumulate. This observation is consistent with previous studies showing that drugs that reduce the mitochondrial membrane potential or inhibit ATP production increase the retrograde transport of mitochondria (Miller and Sheetz, 2004) , their clustering in the perinuclear region (De Vos et al., 1998; Desagher and Martinou, 2000) , and their elimination by autophagy (Lemasters et al., 1998; Xue et al., 2001) . Microtubules serve as tracks for the movement of mitochondria (Morris and Hollenbeck, 1995) . Microtubule-associated proteins such as tau stabilize the microtubule tracks, and tau phosphorylation regulates the transport of mitochondria along microtubules (Mandelkow et al., 2004; Tatebayashi et al., 2004) . There is also evidence that tau plays a role in the retrograde transport of damaged mitochondria. (1) Overexpression of tau is sufficient to induce a retrograde transport of mitochondria from neurites to clusters near the nucleus (Ebneth et al., 1998; Trinczek et al., 1999; Stamer et al., 2002) . (2) A high percentage of the mitochondria clustered in the soma in annonacin-treated cultures appeared to have tau attached to their outer membranes. (3) Treatment with taxol, a drug that stabilizes microtubules but displaces tau (Samsonov et al., 2004) , blocked both retrograde transport of mitochondria and somatic accumulation of tau. These arguments suggest that the annonacin-induced displacement of tau to neuronal cell bodies and the retrograde transport of mitochondria are functionally linked. Axonal ATP depletion attributable to a lack of mitochondria and axonal tau depletion may together be the cause of the breakdown of the axonal microtubules we observed in annonacin-treated neurons.
Cellular tau pathology has been related to the dysfunction or degeneration of neurons. The number of neurons containing abnormal accumulations of tau in the cell body has been closely correlated with behavioral deficits in Alzheimer's disease (Arriagada et al., 1992) and in a transgenic mouse model expressing human tau with the P301L mutation that causes FTDP-17 (Santacruz et al., 2005) , and mutations in the tau gene are sufficient to cause neurodegeneration in some genetic disorders (Goedert et al., 2000; Lee et al., 2005) . Intriguingly, in a transgenic mouse model of a tauopathy based on overexpression of the shortest human brain tau isoform, the microtubule-stabilizing drug taxol has been shown to reverse fast axonal transport deficits by functionally substituting for tau, which is sequestered in inclusions (Zhang et al., 2005) . In our annonacin-treated cell cultures, which might be considered to be an acute model of a sporadic tauopathy, a concentration of taxol that was not toxic in itself prevented the redistribution of tau and mitochondria but not the cell death induced by annonacin, suggesting that, in this model, the redistribution of nonfilamentous tau to the cell body is not necessary for cell death. Somatic accumulations of tau might therefore be taken as stigma characterizing neuronal death induced by energy failure but not by ROS. The events involved in annonacin-induced tau pathology analyzed in this study are represented schematically in Figure 9 .
In summary, the work presented here shows that very low concentrations of annonacin, two and three orders of magnitude lower than MPP ϩ and 3-NP, respectively, can induce a tau pathology with some similarity to what is seen in the postmortem brains of patients with atypical parkinsonism in Guadeloupe. We showed that annonacin-induced ATP reduction but not ROS increase is associated with cell toxicity, tau redistribution, and abnormal mitochondrial transport. Conversely, taxol prevents annonacin-induced tau redistribution to the cell body but does not prevent cell death, suggesting that the nonfilamentous phosphorylated tau is not necessary for cell death in this model. Thus, the present study suggests that environmental factors leading to cerebral energy depletion might be important etiological factors in sporadic tauopathies. Figure 9 . The sequence of pathological events induced by annonacin in primary cultures of striatal neurons. Annonacin inhibited the NADH-quinone-oxidoreductase activity of mitochondrial complex I, leading to increased ROS and decreased ATP production. The latter appears to be responsible for the retrograde transport of tau from neurites to the cell soma and, consequently, microtubule breakdown, because the antioxidants trolox and NAC had no effect on cell death or the distribution of tau, whereas increasing ATP levels by the expression of the yeast NADH oxidase NDI1 or the stimulation of anaerobic glycolysis with high glucose concentrations prevented both cell death and the redistribution of tau. ATP depletion induced by the respiratory chain inhibitors MPP ϩ and 3-NP or by the mitochondrial uncoupler CCCP mimicked annonacininduced cell death and redistribution of tau. Taxol prevented the redistribution of tau and mitochondria but not the cell death induced by annonacin, suggesting that, in this experimental model, the redistribution of tau to the cell body is not involved in either neuroprotective or neurodegenerative pathways. It may rather be considered to be a stigma characteristic of neuronal death induced by energy failure.
